Abstract. Contextuality-by-Default (CbD) is a mathematical framework for understanding the role of context in systems with deterministic inputs and random outputs. A necessary and sufficient condition for contextuality was derived for cyclic systems with binary outcomes. In quantum physics, the cyclic systems of ranks n = 5, 4, and 3 are known as systems of Klyachko-type, EPR-Bell-type, and Leggett-Garg-type, respectively. In earlier publications, we examined data collected in various behavioral and social scenarios, from polls of public opinion to our own experiments with psychophysical matching. No evidence of contextuality was found in these data sets. However, those studies were confined to cyclic systems of lower ranks (n ≤ 4). In this paper, contextuality of higher ranks (n = 6, 8) was tested on our data with psychophysical matching, and again, no contextuality was found. This may indicate that many if not all of the seemingly contextual effects observed in behavioral sciences are merely violations of consistent connectedness (selectiveness of influences).
Introduction
Consider a system having two external factors α and β, which can be deterministically manipulated, and two random outputs A and B that we interpret as responses to or measurements of α and β, respectively. The system can belong to any empirical domain, from quantum physics to behavioral sciences. If manipulating β does not change the marginal distribution of A and manipulating α does not change the marginal distribution of B, we say that the system is consistently connected. Physicists traditionally test contextuality by assuming consistent connectedness (referred to as "no-signaling," "no-disturbance," etc.). However, even in quantum experiments inconsistent connectedness may occur, e.g., because of context-dependent errors in measurements. In behavioral sciences inconsistent connectedness is ubiquitous. The Contextuality-by-Default (CbD) theory allows one to detect and measure contextuality, or to determine that a system is noncontextual, irrespective of whether it is consistently connected [1] [2] [3] [4] [5] [6] [7] [8] . In quantum physics, many experiments and theoretical considerations demonstrate the existence of contextual systems [9] [10] [11] [12] [13] [14] [15] , including in cases when consistent connectedness is violated [8] . By contrast, we found no evidence of contextuality in various social and behavioral data sets, from polls of public opinion to visual illusions to conjoint choices to word combinations to psychophysical matching [16, 17] .
Most of the experimental studies of contextuality, both in quantum physics and in behavioral and social sciences, have been confined to cyclic systems. Using our introductory example, let α and β vary on two levels each, denoted α 1 , α 2 and β 1 , β 2 , forming four treatments that we call contexts:
Context 1 Context 2 Context 3 Context 4 (α 1 , β 1 ) (β 1 , α 2 ) (α 2 , β 2 ) (β 2 , α 1 )
.
In accordance with the main CbD principle, the outputs of the system are labeled both by what they measure (respond to) and by the context in which this happens. This yields eight random variables: 
where the superscript of A or B is the index of context and the subscript of A or B indicates the factor level of α or β. It is assumed in addition that each random output is binary: {−1, +1}. The system thus formed is called a cyclic system of rank 4, by the number of distinct inputs and distinct contexts. The pairs of A and B with the same superscripts (i.e., recorded in the same contexts) are jointly distributed, so that, e.g., the joint probability of A 1 1 = 1 and B 1 1 = 1 is well-defined; but this is not the case for any two random outputs with different superscripts.
Note that the order in which we list the elements of the contexts, α → β or β → α, is immaterial; we alternate the orders only to make the cyclic structure more apparent
In this paper we only deal with cyclic systems of even ranks, those that can be formed using the paradigm with two experimental factors α, β and two outputs in each context. A cyclic system of an even rank 2n ≥ 4 can be extracted from a design in which α and β vary on n levels each, denoted α 1 , α 2 , . . . , α n and β 1 , β 2 , . . . , β n . Out of n 2 possible treatments one extracts n pairs whose elements form a cycle, e.g.,
The corresponding set of 4n binary (−1, +1) random outputs is
Again, the outputs sharing a context and only such outputs are jointly distributed. Clearly, for 2n > 4 one can form multiple cyclic systems from the same n × n design, by permuting the β's paired with the successively indexed α's. Cyclic systems of rank 2 and of odd ranks cannot be formed in this way, but they can be created in other experimental paradigms. Experimental studies of contextuality in quantum-physical cyclic systems were confined to ranks 3, 4, and 5. In behavioral and social experiments and surveys the ranks of the cyclic systems explored were 2, 3, and 4 [16, 17] . In the present study we analyze cyclic systems of ranks 4, 6, and 8.
A necessary and sufficient condition for (non)contextuality was derived for cyclic systems with binary outcomes in Refs. [4, 6, 8] . We present this condition for cyclic systems of even ranks, (4)- (5): such a system is noncontextual if and only if
Here, s 1 (x 1 , . . . , x k ) is the maximum of all linear combinations ±x 1 ± . . . ± x k with odd numbers of minuses, and · denotes the expected value. Recall that the values of all random variables are labeled +1 and −1. If a system is consistently connected, ICC vanishes.
Experiments
The experimental design and procedure were described in detail in Ref. [17] . Three different psychophysical matching tasks were used ( Figure 1 ): dot position reproduction task (Experiment 1(a) and 1(b)), concentric circles reproduction task (Experiment 2(a), 2(b) and 2(c)), and floral shape reproduction task (Experiment 3(a) and 3(b)). Each of the seven experiments was conducted on three participants.
In each experimental trial, the participants were shown two stimuli on a computer screen, as shown in Fig. 1 . One was a fixed stimulus, the other stimulus was adjustable, by means of rotating a trackball. The participants were required to change this stimulus until it appeared to match the position or shape of the fixed target stimulus. Once a match was achieved, she or he clicked the button on the trackball to terminate the trial. Each stimulus was characterized by two parameters. For the target stimulus these parameters are denoted as α and β, and their values in each trial were generated from a pre-defined set of numbers. The values of the same parameters in the matching stimulus are denoted A and B (as they randomly vary for given values of α and β). Table 1 shows the parameters used. (8) target shape target shape matching matching shape shape
The trials were separated by .5 second intervals. Each experiment took several days, each of which consisted of about 200 trials with a break in the middle. Each such section began by a practice series of 10 trials (which were not used for data analysis).
The original data sets for all the experiments are available as Excel files online (http://dx.doi.org/10.7910/DVN/OJZKKP). Each file corresponds to one participant in one experiment. 
Participants
All the participants were students at Purdue University. The first author of this paper, labeled as P3, participated in all the experiments. Participants P1 and P2 participated in Experiments 1(a) and 2(a), and Participants P4 and P5 in Experiments 1(b), 2(b), 2(c), 3(a), and 3(b). All participants were about 25 years old and had normal or corrected to normal vision.
Stimuli and Procedure
Visual stimuli consisting of curves and dots were presented on a flat-panel monitor. The diameter of the dots and the width of the curves was 5 pixels (px). The stimuli were grayish-white on a comfortably low intensity background. The participants viewed the stimuli in darkness using a chin rest with a forehead support at the distance of 90 cm from the monitor, making 1 screen pixel approximately 62 sec arc. Experiment 1 In Experiment 1(a), each trial began with presenting two circles with a dot in the first quadrant of each circle (as shown in Figure 1(a) ). The dot in the upper left circle was fixed at one of randomly chosen six positions. These six positions contained a 2 × 2 "rectangular" sub-design: {32 px, 64 px}×{32 px, 64 px} and a 2 × 2 "polar" sub-design: {53.67 px, 71.55 px}×{63.43 deg, 26.57 deg}, as shown in Table 2 . The coordinates were recorded using the center of the circle as the origin. The adjustable-position dot was in the bottom right circle. The task was to move the bottom right dot by rotating the trackball to a position that matched that of the fixed one. There were 1200 trials overall. Experiment 1(b) was identical to Experiment 1(a) except the horizontal coordinate and vertical coordinate of the target dot were random integers drawn from the interval [20 px, 80 px), as shown in Table 2 . This "rectangular" design also contained a "polar" sub-design [40 px, 90 px)×[30 deg, 60 deg). The overall number of trials for the "rectangular" design was 1800, for the polar sub-design about 900.
Experiment 2
In each trial of Experiment 2(a), the target stimulus on the left consisted of two concentric circles and a dot in their center. The radii of circle 1 and circle 2 were randomly chosen from the sets {16 px, 56 px, 64 px} and {48 px, 72 px, 80 px}, respectively (Table 2) . At the beginning of each trial the right stimulus was a dot. The participants had to reproduce the target stimulus by rotating the trackball to "blow up" two circles from that dot one by one. They had the freedom to produce the inner or the outer circle first. Once the first matching circle was produced, the participants clicked a button on the trackball to confirm this circle and then the program enabled them to "blow up" the other circle. After the second circle was created, the trial was terminated by clicking the same button. There were 1800 trials overall. Experiment 2(b) was identical to Experiment 2(a) except that in each trial the radii of the target circles were randomly chosen from four possibilities {12 px, 24 px}×{18 px, 30 px}. There were 1600 trials overall. Experiment 2(c) was identical to Experiment 2(a) except that in each trial the radii of the target circles were integers randomly chosen from [18 px, 48 px) ×[56 px, 86 px). There were 1800 trials overall. Experiment 3 Two floral shapes (Figure 1(c) ) were presented simultaneously in each trial in Experiment 3(a). The target one was on the left. The right one was modifiable. Each floral shape was generated by a function
where ∆ is polar angle and x and y are the horizontal and vertical coordinates (in pixels). For a matching floral shape, α, β are replaced with A, B, respectively. The amplitudes α, β of the target shape were randomly chosen from the sets {-18 px, 10 px, 14 px} and {-16 px, -12 px, 20 px}, respectively. The two amplitudes of the right shape were randomly initialized from the interval [-35 px, 35 px). The participants were asked to match the left shape by modifying the right shape by rotating the trackball. There were 1800 trials overall. Experiment 3(b) was identical to Experiment 3(a) except that the two amplitudes of the target shape were randomly chosen integers from the interval [-30 px, 30 px).
Results
In each experiment the matching points that were too far from the target values were considered outliers and they were removed from data analysis. The outliers made less than 1% of all data. Ref. [17] briefly reported how contextuality for cyclic systems of rank 4 was tested using the data collected from our seven experiments. In this paper, we present the contextuality test for rank 4 in greater details, and add the analyses for cyclic systems of ranks 6 and 8, using the same data.
Testing Contextuality for Rank 4
In the "rectangular" sub-design of Experiment 1(a), the experimental conditions, represented in the rectangular coordinates, are (α 1 , β 1 ), (α 1 , β 2 ), (α 2 , β 1 ), and (α 2 , β 2 ), where α 1 = 32 px, α 2 = 64 px, β 1 = 32 px, and β 2 = 64 px.
The "polar" sub-designs of Experiment 1(a) and Experiment 2(b) also have a 2 × 2 structure, and they are presented as cyclic systems analogously. Experiment 2(a) or Experiment 3(a) have 3 × 3 factorial designs, and we extracted 9 cyclic systems of rank 4 from each of them.
The "rectangular" design of Experiment 1(b) and the "polar" sub-designs of Experiment 1(b), Experiment 2(c), and Experiment 3(b) have external factors spanning certain intervals. In order to have a cyclic system of rank 4, each interval was dichotomized into two subintervals. For instance, four experimental conditions (α i1 , β i2 ), i 1 , i 2 ∈ {1, 2}, are formed if one chooses α 1 = [20 px, 50 px), α 2 = [50 px, 80 px), β 1 = [20 px, 50 px), and β 2 = [50 px, 80 px). Of course other cut-off points can be chosen to dichotomize the intervals. In this paper, we only report the results from the midpoint-dichotomized data sets.
Irrespective of the experiment, the random outputs A i1i2 , B i1i2 should each be dichotomized. The two values for each random variable were defined by choosing a value a i1 and a value b i2 and computing
The total number of the rank-4 systems thus formed varied from 3024 to 11,663,568 per experiment per participant. We chose a value a 1 as any integer (in pixels) between max(minA 11 , minA 12 ) and min(maxA 11 , maxA 12 ), b 1 as any integer (in pixels or degrees) between max(minB 11 , minB 21 ) and min(maxB 11 , maxB 21 ), and analogously for a 2 and b 2 . For each choice of the quadruple, we applied the test (6)- (7) to the distributions of the obtained A * and B * variables. No positive C was observed, indicating the absence of contextuality in the rank 4 cyclic system for each participant in each experiment.
We present an example to illustrate how the test of (non)contextuality was conducted. For participant P3 in the "polar" sub-design of Experiment 1(a), one choice of the quadruple was (a 1 , a 2 , b 1 , b 2 ) = (72 px, 67 px, 60 deg, 23 deg) . The distributions of the random outputs for the four contexts indexed as in (1) are presented in Table 3 , where the numbers in the grids are joint probabilities and the numbers outside are marginal probabilities. Table 3 . Distributions of the random outputs for the cyclic system of rank 4, P3 in the "polar" sub-design of Experiment 1(a). .5028
Using the formulas β 1 ) (β 1 , α 2 ) (α 2 , β 2 ) (β 2 , α 3 ) (α 3 , β 3 ) (β 3 , α 1 ) , and labeled the random outputs A, B accordingly. The "rectangular" design of Experiment 1(b) and the "polar" sub-designs of Experiment 1(b), Experiment 2(c), and Experiment 3(b) are the systems with quasi-continuous factors. These factors were discretized into three levels by using the one-third quantile and the two-third quantile of each interval as cut-off points. For instance, a 3×3 design is formed in the "rectangular" design of Again, the random outputs should be dichotomized in each experiment. We chose a value a i1 and a value b i2 , i 1 , i 2 ∈ {1, 2, 3}, and defined
We chose a 1 as any integer between max(minA 11 , minA 13 ) and min(maxA 11 , maxA 13 ), b 1 as any integer between max(minB 11 , minB 21 ) and min(maxB 11 , maxB 21 ), and analogously for a 2 , a 3 , b 2 , and b 3 for the experiments with discrete factor points (Experiment 2(a) and Experiment 3(a)). For the experiments with quasi-continuous factors, we chose a 1 , a 2 , a 3 , b 1 , b 2 , b 3 as every third integer within the corresponding range . The total number of the rank-6 systems thus formed varied from 18,000 to 31,905,600 per experiment per participant.
For each such choice of the sextuple (a 1 , a 2 , a 3 , b 1 , b 2 , b 3 ) we conducted the test (6)- (7) numerous times, on the order of 10 7 in some data sets. No positive C was observed for the systems of rank 6 extracted from the "rectangular" design of Experiment 1(b), "polar" sub-design of Experiment 1(b), Experiment 2(a), Experiment 2(c), Experiment 3(a), and Experiment 3(b). We conclude that there was no evidence of contextuality in the investigated cyclic systems of rank 6.
We present an example of how the test (6)- (7) was conducted. For participant P1 in Experiment 2(a), in which {α 1 , α 2 , α 3 } × {β 1 , β 2 , β 3 } = {16 px, 56 px, 64 px} × {48 px, 72 px, 80 px}, one choice of the sextuple was (a 1 , a 2 , a 3 , b 1 , b 2 , b 3 ) = (16 px, 56 px, 64 px, 48 px, 72 px, 80 px). The distributions of the random outputs for the six contexts indexed as in (5) are presented in Table 4 . 
no evidence of contextuality.
Testing Contextuality for Rank 8
The "rectangular" design of Experiment 1(b) and the "polar" sub-designs of Experiment 1(b), Experiment 2(c), and Experiment 3(b) have quasi-continuous factors. Each factor in each experiment was discretized into four levels in order to form a rank 8 cyclic system. Three points should be chosen for each factor to make this discretization. We chose the first quartile point, the second quartile (median) point, and the third quartile point of each interval. 
with the random outputs labeled accordingly.
To dichotomize the outputs, we chose a value a i1 and a value b i2 , i 1 , i 2 ∈ {1, 2, 3, 4} to define
For each rank 8 cyclic system, we chose a 1 as every sixth integer between max(minA 11 , minA 14 ) and min(maxA 11 , maxA 14 ), b 1 as every sixth integer between max(minB 11 , minB 21 ) and min(maxB 11 , maxB 21 ), and analogously for a 2 , a 3 , a 4 , b 2 , b 3 , and b 4 . The total number of the rank-8 systems thus formed varied from 432 to 6,453,888 per experiment per participant.
For each thus obtained octuple we conducted the test (6)- (7) . No positive C was observed. When testing the "polar" sub-design of Experiment 1(b), each context contained only about 50 data points. Even with such small sample sizes, no positive C was observed. We conclude that there is no contextuality in all the investigated cyclic systems of rank 8.
To give an example, for participant P4 in Experiment 3(b), one choice of the octuple was (a 1 , a 2 , a 3 , a 4 , b 1 , b 2 , b 3 , b 4 ) = (-21 px, -6 px, 6 px, 21 px, -21 px, -9 px, 9 px, 21 px). The distributions of the random outputs for the eight contexts are presented in Table 5 : 
Conclusions
Contextuality-by-default is a mathematical framework that allows to classify systems as contextual or noncontextual. Experimental data suggest that the noncontextuality boundaries are generally breached in quantum physics [8] . In
Refs. [16, 17] we reviewed several behavioral and social scenarios to conclude that none of them provided evidence for contextuality. By examining the psychophysical data collected in our laboratory, we found no contextuality for cyclic systems of different ranks, including high ranks (6 and 8) that have never been analyzed before. We suspect that it may be generally true that human and social behaviors are not contextual in the same sense in which quantum systems are.
